Carbon nanotube wires have emerged 3s the best molecular conductor of current at low applied voltages. Conductances close to 2e /h have been measured by various groups. Such a large conductance arises from the robustness of the crossing bands to scattering by defects, and the ability to make good contacts. The band diagram of a metallic nanotube is shown in Fig. 1 . There are two types of subbands, crossing subbands [which cross at E=O, dashed lines of Fig. 13 and non crossing subbands [solid lines of Fig. 11 . The Fermi energy of an isolated nanotube is at E=O. Most theoretical work on transport consider only the crossing subbands because they are responsible for current at low bias, especially in small diameter nanotubes. Investigating the influence of the non crossing subbands that reside at higher energies is however important both at (i) large applied voltages and (ii) in large diameter nanotubes. The diameter is an issue because the energy minima (E-) of the first non crossing subband [Fig. 11 is inversely proportional to the nanotube diameter. After briefly reviewing previous results of conductance calculations, we will present new results of ballistic transport by taking the non crossing subbands into account. Specifically, we show that concepts in semiconductor physics such as Zener tunneling and Bragg reflection play an important role in determining the current versus applied voltage (I-V) characteristics of even metallic nanotubes.
large conductance arises from the robustness of the crossing bands to scattering by defects, and the ability to make good contacts. The band diagram of a metallic nanotube is shown in Fig. 1 . There are two types of subbands, crossing subbands [which cross at E=O, dashed lines of Fig. 13 and non crossing subbands [solid lines of Fig. 11 . The Fermi energy of an isolated nanotube is at E=O. Most theoretical work on transport consider only the crossing subbands because they are responsible for current at low bias, especially in small diameter nanotubes. Investigating the influence of the non crossing subbands that reside at higher energies is however important both at (i) large applied voltages and (ii) in large diameter nanotubes. The diameter is an issue because the energy minima (E-) of the first non crossing subband [Fig. 11 is inversely proportional to the nanotube diameter. After briefly reviewing previous results of conductance calculations, we will present new results of ballistic transport by taking the non crossing subbands into account. Specifically, we show that concepts in semiconductor physics such as Zener tunneling and Bragg reflection play an important role in determining the current versus applied voltage (I-V) characteristics of even metallic nanotubes.
The I-V characteristics are calculated within the context of the Landauer-Buttiker formalism. We typically consider a 1000 Angstrom (around 20,000 -80,000 atoms) long nanotube region, and the transmission probability is computed using the recursive Green's function technique. The central idea here is that there is a transport bottle neck at higher applied biases due to Bragg reflection. As a result, the non crossing subbands cannot contribute to current in a manner commensurate with the number of subbands. Fig. 2(a) and (b) show the I-V characteristics and differential conductance respectively, of a 7 Angstrom diameler nanotube. The main point to note is that the maximum differential conductance of 4e /h corresponds to only two conducting subbands, even though over ten subbands are present at higher energies. Further, the differential conductance is close to zero at higher applied biases. We will show that the physical reason for this is Bragg reflection of higher subbands.
For a nyotube with a diameter of 27.2 Angstroms, the differential conductance at small biases i=4e AI [ Fig. 31 . However, at larger biases, we find that the conductance can be greater than 4e /h [ Fig. 3(b) ]. We will show that this increase in conductance results from the weakening of Bragg reflection due to inter subband Zener tunneling. Inter subband Zener tunneling becomes increasingly impmtant at large biases with increase in nanotube diameter. The inter subband Zener tunneling probability as a function of diameter and screening length will be discussed. We emphasize that owing to the special band structure of carbon nanotubes, Bragg reflection and defect scattering play a unique role in their robustness as molecular wires in comparison to semiconductor quantum wires. 
